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ABS TRACT 

A  series  of  seven  surface  experiments  involving  the  use  of 
Rhodamine  B  dye  as  an  artificial  tracer  is  described.  The  experiments 
were  made  during  the  fall  of  1961  near  Ambrose  Lightship  and  at  a 
position  fifteen  miles  south  southeast  of  Ambrose  near  the  center  of 
the  Hudson  Channel.  The  fluorometer  used  in  the  field  was  calibrated" 
to  reveal  concentrations  of  1  x  10"*^. 

The  paper  describes  general  experimental  procedures,  including 
dye  sampling,  navigation,  aerial  photography  and  data  analysis.  For  the 
experiments  of  October  17  and  October  31,  19ol,  plots  of  the  movement  of 
their  respective  mass  centers,  along  with  contours  of  constant  dye  con¬ 
centration  and  aerial  photographs  at  various  hours  after  the  surface  dye 
introduction,  are  shown.  Graphs  of  concentration  vs.  radius  and  the 
decrease  of  concentration  with  time  are  also  shown  and  compared  with 
theory. 

The  average  diffusion  velocity  for  these  experiments  is 
observed  to  be  approximately  1  cm/sec. 
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INTRODUCTION: 

Multiple  ship  synoptic  surveys  (e.g  . ,  OPERATION  CABOT,  1950  in 
the  Gulf  Stream)  have  recently  shown  that  surface  ocean  currents  are  com¬ 
plex  structures  containing  eddies  of  various  scales,  filaments  and  jets 
rather  than  steady  streams.  As  a  consequence  of  this  turbulence  in  the 
surface  waters,  dissolved  materials  are  dispersed  horizontally  at  a  rate 
perhaps  a  million  times  greater  than  by  molecular  diffusion,  the  rate 
depending  on  wind  stress,  current  shear,  density  gradients,  direction  of 
dispersion  and  the  dimensions  of  the  area  considered.  Artificial  tracer 
experiments  have  begun  to  help  in  our  calculation  of  diffusion  velocities 
where  classical  oceanographic  measurements  have  been  inconclusive#  The 
first  large-scale  experiments  of  this  nature  followed  the  Bikini  tests  in 
19h&  (Folsum  &  Vine,  195?)*  More  recently  Pritchard  and  his  co-workers 
(Pritchard  and  Carpenter,  i960)  developed  a  tracer  technique  using  harmless 
organic  dyes  which,  for  the  first  time,  provide  a  method  comparable  in 
sensitivity  for  low  concentrations  to  the  radioactive  tracer  techniques. 

The  present  report  describes  several  experiments  and  their  results  using 
introductions  of  Rhodamine  B  dye  in  the  surface  waters  in  the  New  York 
Bight  during  the  summer  of  1961  in  the  areas  indicated  in  Figure  1. 

The  hydrography  and  circulation  of  the  New  York  Bight  have  been 

discussed  for  the  various  seasons  of  the  year  by: 

Bigelow  &  Sears,  1935 
Powers  &  Ayers,  1951 
Ketchum^  Redfield  &  Ayers,  1951 
Ketchum,  Yentsch,  Corwin  &  Owen,  1958 
Redfield  &  Walford,  1951 
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Hydrographic  studies  have  used  the  low  salinity  effluent  from  the  Hudson- 
Raritan  River  estuary  as  a  tracer  to  show  mixing  and  residence  times,  and 
the  circulation  pattern  at  the  mouth  of  the  estuary «  In  the  winter,  river 
effluent  and  diluted  sea  water  are  confined  to  a  narrow  band  along  the 
New  Jersey  coast.  There  is  no  temperature  gradient,  and  the  water  is 
homogeneous  vertically.  In  the  mid-summer  the  thermocline  is  well  estab¬ 
lished  at  about  ten  meters,  and  the  river  effluent  is  distributed  widely 
over  the  surface.  The  stability  of  either  of  these  patterns  depends  somewhat 
on  river  flow.  If  the  flow  is  fairly  great,  the  distribution  patterns  are 
well  defined.  If  the  flow  is  small,  or  if  storms  cross  the  area,  the  pattern 
can  be  broken  up  into  large  ill-defined  eddies.  Non-tidal  current  measure¬ 
ments  at  the  surface  indicate  velocities  of  about  9*5  centimeters  per  second 
generally  throughout  the  area.  The  average  movement  of  fresh  water  seaward 
is  three  miles  per  day.  Considering  the  area  extending  outward  about  25> 
miles  from  the  shores,  it  is  estimated  that  six  to  ten  days  are  required  for 
the  replacement  of  all  this  water.  The  average  yearly  flow  is  such  that 
more  than  two  years  would  be  required  for  river  flow  to  replace  the  entire 
volume.  Since  it  is  shown  that  only  six  to  ten  days1  contribution  of  the 
river  was  present  at  any  time,  it  is  evident  that  oceanic  circulation  in 
the  area  is  many  times  that  of  the  river  contribution.  In  the  summer  the 
circulation  pattern  is  characterized  by  a  weak  southerly  current  along  the 
New  Jersey  shore. 

FIELD  METHODS : 

The  purpose  of  the  experiments  during  1961  was  to  develop  techniques 
aboard  the  Research  Vessel  JOSEPH  GOLDBERGER  for  a  dye  sampling  system  to  be 


used  in  the  surface  and  at  moderate  depths  to  study  diffusion  and  mixing 
in  typical  coastal  and  shelf  waters*  The  ship  was  outfitted  to  carry  out 
the  placement  of  dye  at  surface  and  subsurface  depths  and  to  sample  the 
resulting  dye  patch  so  that  information  could  be  gathered  concerning  the 
changing  dimensions  and  concentrations  until  extinction*  For  these  pur¬ 
poses  the  following  systems  for  dye  sampling  and  navigation  were  set  up. 

DYE  SAMPLING  METHODS : 

In  order  to  sample  continuously  the  dye  concentration  in  the 
surface  waters,  two  methods  were  employed}  a  submersible  well  pump  was 
towed  from  the  stern  of  the  ship  using  about  3>0  feet  of  hose  to  connect  it 
to  the  continuous  flow-through  cuvet  of  a  fluorometer*  With  this  method, 
continuous  sampling  of  the  surface  water  could  be  made  at  a  speed  of  up 
to  eight  knots.  A  later  method  was  used  consisting  of  a  positive  displace¬ 
ment  rotary  pump  mounted  on  the  deck  having  a  weighted  inlet  hose  to  bring 
surface  water  to  the  fluorometer. 

Tests  were  also  made  of  a  submersible  pump  fitted  to  a  depressing 
body  which  could  be  towed  at  depths  of  about  £0  feet  and  speeds  of  8  knots. 
While  the  tow  tests  were  successfully  accomplished,  breaks  in  the  electrical 
conductor  prevented  the  use  of  the  pump  at  subsurface  depths. 

The  sample  was  pumped  through  a  clear  polyethylene  hose  to  a 
fluorometer  in  the  ship*s  laboratory  at  a  constant  flow  rate  of  2«5>  gallons 
per  minute.  The  fluorometer  was  a  standard  Turner  model  III,  modified  with 
a  continuous -flow  cuvet.  This  instrument  is  designed  as  an  optical  bridge 
which  balances  the  fluorescent  emission  of  the  sample  and  the  light  from  a 
calibrated  rear  light  path.  The  photomultiplier  controls  a  servo-motor 
which  turns  a  light  cam  until  equal  amounts  of  light  are  received  from  the 


r 


; 


sample  and  from  the  rear  light  path.  The  servo-motor  turns  a  potentio¬ 
meter,  the  output  of  which  is  connected  to  a  chart  recorder  for  continuous 
recording  purposes.  The  dye  which  was  used  throughout  these  experiments 
was  Rhodamine  B  obtained  from  E,  I,  Du  Pont,  The  dye  was  obtained  in  ty($ 
acetic  acid  solution  and  then  adjusted  with  methanol  to  a  density  of  1,03. 

The  optical  characteristics  of  Rhodamine  dye  are  such  that  peak  fluorescence 
is  attained  under  an  excitation  light  of  550  m^  .  Two  filters,  a  Coming 
1-60  didymium  glass  and  a  Kodak  Wratten  58,  were  used  to  pass  selectively 
the  green  line  of  mercury  (5^6  yyyj  )  of  the  light  source  to  excite  the  sample. 
The  maximum  fluorescence  of  Rhodamine  B  occurs  at  575  yn/*  •  A  sharp  cut 
filter  (Kodak  Wratten  23)  passing  light  above  570  vryu  was  used  to  pass  the 
sample  fluorescence  to  the  photomultiplier.  The  fluorometer  was  calibrated 
using  a  series  of  reference  concentrations  of  Rhodamine  B  in  distilled  water. 
Four  scales  of  sensitivity  are  provided  in  the  fluorometer  through  a  selec¬ 
tion  of  four  apertures  at  the  light  source.  In  our  experiments  the  following 
relation  of  dye  concentration  to  fluorometer  scale  applies: 

Fluorometer  Scale  Max,  Rhodamine  B  Range  in  PFB 

IX  6-120 

3  x  .5  -  Itfi 

10  X  .6  -  17 

30  X  0.01  -  3.5 

NAVIGATION  METHODS : 

Accurate  navigation  must  accompany  the  dye  measurements  so  that 
precise  plotting  of  the  areal  distribution  of  a  dye  patch  may  be  accomplished. 
In  order  to  afford  the  required  navigational  accuracy,  a  Decca  303  radar  with 
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a  variable  range  marker  was  installed  aboard  the  research  vessel.  During 
the  crossings  of  a  dye  patch,  while  measurements  of  the  dye  concentration 
were  being  made,  the  ship?s  position  was  fixed  relative  to  an  anchored 
radar  reflector  at  three  minute  intervals. 

EXPERIMENTAL  PROCEDURES : 

Seven  experiments  were  successfully  performed  during  the  period 
from  September  to  November,  1961.  The  following  procedures  were  used 
generally  throughout  all  of  these  experiments. 

Prior  to  placement  of  dye  in  the  water,  a  radar  reflector  spar 
buoy  was  anchored  at  some  fixed  point,  generally  a  few  miles  in  the  direc¬ 
tion  of  expected  flow  from  the  planned  point  of  dye  introduction.  On  some 
occasions  lightships  or  significant  shore  points  in  the  area  were  also  used 
as  fixed  radar  targets. 

Rhodamine  B  dye  in  solution  was  then  introduced  by  pumping  into 
the  surface  water.  Following  the  introduction  of  the  dye,  the  ship  would 
remain  out  of  the  dye  for  about  four  hours  to  prevent  contamination  of  the 
intake  system  with  concentrated  dye  and  to  avoid  disturbing  the  patch  during 
the  initial  diffusion.  During  this  time  weather  readings  and  bathythermo- 
grams  were  taken.  After  this  period  crossings  of  the  patch  would  be  carried 
on  whenever  possible  until  the  dye  readings  had  merged  with  the  fluorescent 
background  readings  (about  0.1  ppb).  A  typical  set  of  crossings  is  super¬ 
imposed  on  the  contours  of  Figure  11.  The  record  of  one  of  these  crossings 
is  shown  in  Figure  11A. 


AERIAL  PHOTOGRAPHS : 


During  these  experiments  a  useful  technique  was  developed  using 
aerial  photographic  coverage  to  complement  the  survey  made  by  the  surface 
vessel.  In  this  work  using  Rhodamine  B  dye,  photographs  were  made  at  about 
fifteen  minute  intervals  at  altitudes  between  1000  and  £000  feet.  Fast 
Polaroid  (3000  speed)  and  Royal  X  Pan  film  (125>0  speed)  were  used  with  a 
combination  of  filters  depending  on  light  conditions.  Under  dull  condi¬ 
tions  best  results  were  obtained  using  a  Polaroid  filter  combined  with  a 
23A  Kodak  Wratten  filter  (blocking  frequencies  below  £70  millimicrons  and 
passing  about  thirty  per  cent  of  the  fluorescent  maximum  of  the  dye  at 
3>7£  millimicrons).  Under  bright  conditions  a  Polaroid  filter  was  used 
with  a  73  Wratten  filter  (passing  frequencies  between  £60  and  610  millimi¬ 
crons).  The  photographs  were  used  later  together  with  shipboard  data  to 
plot  areal  distribution  of  the  dye  and  were  of  particular  value  in  deter¬ 
mining  the  shape  of  the  dye  contours. 

DATA  ANALYSIS: 

The  initial  aim  in  processing  the  data  obtained  from  a  point 
source  surface  dye  experiment  is  to  construct  contours  of  equal  dye  con¬ 
centration  which  represent  the  total  distribution  at  suitable  instants  of 
time  from  introduction  to  the  disappearance  of  the  dye.  This  is  done  by 
dividing  the  data  into  time  intervals  which  are  long  enough  to  reveal  an 
adequate  picture  of  the  whole  patch  and  yet  short  enough  with  respect  to 
the  diffusion  rate  to  be  considered  as  one  instant.  The  next  step,  using 
a  mechanical  integrator,  is  to  determine  the  area  enclosed  within  each 
contour  from  which  the  equivalent  radius,  r,  can  be  computed.  In  these 


experiments  the  center  of  mass  for  each  contour  set  has  been  determined 
from  measurements  of  mass  center  for  the  individual  contours.  The  center 
of  mass  has  been  plotted  in  order  to  sh ow  the  over-all  movement  of  the 
dye  throughout  each  experiment.  This  point  was  chosen  rather  than  the 
center  of  maximum  concentration  since  the  latter  is  not  always  measured 
and  may,  in  fact,  be  separated  into  several  distinct  patches. 

EXPERIMENT  OF  OCTOBER  17,  1961: 

On  this  date  one  30  gallon  barrel  of  solution  containing  3*39 
x  10^  grams  of  Rhodamine  B  was  introduced  at  the  surface  near  Ambrose 
Lightship.  The  location  of  this  experiment  is  shown  in  area  A,  Figure  1. 
Figure  2,  plotted  on  a  larger  scale,  shows  the  location  of  the  center  of 
mass  plotted  for  each  numbered  contour  set  during  a  ten-hour  period.  The 
arrows  indicate  the  mean  tidal  current  at  the  time  of  the  various  contour 
sets.  If  we  compare  the  trajectory  of  the  dye  patch  with  the  tidal  current 
chart  for  the  location  of  Ambrose  Lightship  (Tidal  Current  Charts,  N.  Y. 
Harbor,  195>6),  a  close  correspondence  is  observed  both  in  direction  and 
■velocity.  It  indicates  clearly  that  the  dye  movement  was  dominated  by  the 
tidal  movement  in  the  presence  of  steady,  light  westerly  winds.  Drift 
bottle  studies  of  this  region  (Powers  &  Ayers,  195>l)  indicate  the  presence 
of  a  right  gyral  to  the  north  and  east  of  Ambrose.  The  dye*s  movement  sug¬ 
gests  that  the  rotation  of  the  tide  might  lead  to  such  an  averaged  circula¬ 
tion  for  the  bottles.  The  excursion  of  the  flood  (positions  0,  1,  2  in 
Figure  2)  is  observed  to  be  considerably  less  than  that  of  the  ebb  (positions 
3  to  6)  in  agreement  with  the  tidal  charb.  The  complex  shape  of  the  patch 
indicated  in  dye  contour  #1  (Figure  3)*  two  hours  after  the  dye  dump,  is 


FIGURE  1. 

Locations  (A  and  B)  of  dye  dumps  in  New  York  Bight 
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Area  A,  New  York  Bight, 

showing  movement  of  mass  center  of  dye  patch  of  October  17,  196 1 
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Area  A,  October  17,1961 
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Dye  contour  #1,  October  17 $  1961 
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based  upon  four  ship*s  crossings  and  was  constructed  with  the  help  of  aerial 
photographs  such  as  that  represented  by  Figure  k,  taken  1.2£  hours  after  the 
initial  dye  dump#  It  can  be  observed  from  the  photograph  that  the  northern 
portion  of  the  patch  has  taken  on  a  linear  pattern  that  corresponds  to  the 
axis  of  the  wave  troughs.  Figures  $  and  6  show  dye  contours  for  this  same 
patch  at  7#5>  and  10.1  hours  after  the  dye  dump. 

EXPERIMENT  OCTOBER  31,  196ls 

On  this  date  four  30  gallon  drums  of  dye  solution,  each  con¬ 
taining  3.61  x  10^  grams  of  Rhodamine  B,  were  introduced  at  the  sea  surface 
in  a  position  about  twelve  miles  east  of  Asbury  Park,  New  Jersey,  indicated 
in  area  B  in  Figure  1*  In  this  experiment  the  four  barrels  were  pumped 
separately  within  twenty  minutes  at  four  points  roughly  100  meters  apart 
in  a  rectangular  pattern.  Figure  7  is  an  oblique  aerial  photograph  taken 
at  l£00  feet  just  after  the  fourth  barrel  was  introduced.  The  ship  can 
be  seen  at  the  northern  edge  of  the  fourth  patch  lying  hove-to  and  roughly 
parallel  to  the  troughs  of  the  sea  (E-W)  which  at  this  time  were  nearly 
at  right  angles  to  the  wind.  Two  filaments  of  dye  in  this  same  patch  can 
be  seen  streaming  east  northeastward.  These  were  caused  by  two  empty  dye 
barrels  floating  high  in  the  water  and  moving  under  the  influence  of  a 
westerly  wind.  A  series  of  photographs  taken  during  the  first  five  hours 
of  this  patch  show  that  the  dye  becomes  elongated  roughly  parallel  to  the 
swell.  This  elongation  in  the  early  phase  of  the  patch  is  a  feature  com¬ 
mon  throughout  most  of  our  experiments  thus  far  performed.  The  photograph 
in  Figure  8  taken  1,5  hours  after  the  dye  dump  illustrates  the  striated 


. 


FIGURE  li. 

Merisi  photograph  showing  surface  dye  patch 
October  17,  1961,  1»2£  hours  after  dump. 


FIGURE  5. 

Dye  contour  #5,  October  17*  1961 
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fig™  6 


Dye  contour  #6,  October  17*  1961. 
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FIGURE  7. 


Aerial  photograph  showing  surface  dye  patch 
October  319  1961  during  dumping  operations 


FIGURE  8. 


Aerial  photograph  showing  surface  dye  patch 
October  31*  1961,  lo$  hours  after  dump. 
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appearance  (left  of  photograph)  characteristic  of  the  initial  stages. 

This  pattern,  resembling  altocumulus  clouds,  is  the  result  of  wave  action 
by  which  dye  is  carried  to  a  deeper  level  while  retaining  the  alignment 
of  the  swell.  The  trailing  portion  of  the  patch  lies  below  the  surface 
as  indicated  in  Figure  9 ,  which  shows  the  Research  Vessel  JOSEPH  GOLD- 
EERGER,  with  a  draft  of  9§  feet,  moving  through  this  portion  of  a  patch 
and  stirring  dye  up  from  a  subsurface  level.  The  denser  portion  of  the 
dye  extending  to  the  surface  in  Figure  9  (right  of  photograph)  is  moving 
somewhat  to  the  right  of  the  westerly  wind.  This  and  subsequent  photo¬ 
graphs  show  a  pronounced  curvature  of  the  trailing  portion  of  the  dye. 

It  would  appear  from  this  and  other  experiments  that  the  curved  trail 
pattern  is  common  in  the  early  stages  of  dye  patches  where  winds  are 
moderate  and  no  pronounced  currents  prevail*  Figure  10  shows  the  plotted 
position  of  the  center  of  mass  of  this  patch  at  intervals  during  twenty- 
five  hours  following  the  dye  introduction.  The  arrows  indicate  the  mean 
tidal  current  at  the  time  of  the  various  contour  sets.  Reasonably  com¬ 
plete  contours  were  constructed  for  each  of  these  positions  as  demon¬ 
strated  in  Figures  11,  12  and  13.  During  the  first  twelve  hours  relatively 
little  movement  of  the  patch  occurred.  However,  during  the  following 
twelve-hour  period  the  patch  moved  northward  about  two  miles  to  position 
3,  possibly  under  the  influence  of  a  northward  moving  current  which  has 
been  observed  in  this  area  outside  the  lower  salinity  coastal  water 
during  the  summer  season  (Powers  &  Ayers,  1951)* 

ADDITIONAL  EXPERIMENTS ; 

In  addition  to  the  experiments  of  the  17th  and  31st  of  October, 


* 


FIGURE  9. 

Aerial  photograph  showing  surface  dyer  patch, 
October  19*  1961,  curvature  to  the  right  of  the  wind* 


FIGURE  10. 

Area  B,  in  New  York  Bight, 

showing  movement  of  mass  center  of  dye  patch  of  October  31*  1961. 
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FIGURE  1  0 


FIGURE  11. 

Dye  contour  #1,  October  31,  1961. 
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FIGURE  11  A. 


Dye  contour  #!,  October  31*  1961 


Record  of  one  crossing  shown  in  Figure  11 


FIGURE  12. 

Dye  contour*  #3,  October  31*  1961. 
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FIGURE  13. 

Eye  contour  #3,  October  31*  1961. 
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for  which  contour  sets  were  constructed,  five  other  dye  introductions 
were  made,  four  of  which  have  been  roughly  contoured  in  order  to  obtain 
information  on  the  maximum  concentration-time  relationship.  Some  features 
of  these  experiments  may  be  summarized  as  follows. 

September  8 

On  this  date  one  barrel  of  dye  solution  was  dumped  at  the  sur¬ 
face  in  area  B«  It  was  followed  for  twenty-seven  hours,  during  which  time 
it  moved  b%  miles  south  southeast  opposite  the  wind  direction.  This  ad- 
vection  is  believed  due  to  the  southward  inshore  current  at  this  season 
of  the  year.  The  patch  became  elongated  in  an  east-west  direction.  Ver¬ 
tical  measurements  of  dye  concentration  revealed  a  maximum  dye  concentra¬ 
tion  at  a  depth  of  ten  to  fifteen  feet  and  decreasing  down  to  the  level 
of  the  thermocline  at  about  fifty  feet. 

October  16 

One  barrel  of  dye  solution  was  introduced  at  a  depth  of  fifteen 
feet  at  a  position  near  Ambrose  Lightship.  This  patch  was  followed  for 
about  six  hours,  during  which  time  westerly  winds  increasing  to  about 
twenty  knots  prevailed.  The  shape  of  this  patch  remained  roughly  ellip¬ 
tical  during  this  period.  The  patch  moved  northeasterly  about  miles, 
the  velocity  and  direction  being  much  the  same  as  for  the  patch  on  Octo¬ 
ber  17  already  described.  At  this  date  the  thermocline  had  all  but  dis¬ 
appeared,  and  vertical  measurements  revealed  dye  in  decreasing  concen¬ 
tration  dox-m  to  fifty  feet. 

October  19 


A  surface  introduction  of  one  barrel  of  dye  solution  was  made 


.. 


on  this  date  in  area  B  and  followed  for  twenty-three  hours.  The  patch 
moved  north  about  1*.2  miles  while  light  winds,  shifting  from  south  to 
east  northeast,  prevailed.  The  shape  of  this  patch  showed  a  pronounced 
apparent  curvature  to  the  left  during  the  early  stages  (Figure  9)  while 
the  wind  continued  southerly. 

October  30 

One  barrel  of  dye  solution  was  introduced  at  the  depth  of 
fifteen  feet  in  area  B,  and  the  developing  patch  was  followed  for  about 
thirteen  hours.  During  this  time  the  patch  moved  2.1  miles  in  a  direc¬ 
tion  slightly  east  of  north  while  westerly  winds  of  ten  to  thirteen  knots 
prevailed.  The  shape  of  the  patch  remained  roughly  elliptical  with  pro¬ 
nounced  finger-like  projections  extending  parallel  to  the  crest  and 
trough  axis  of  the  swell. 

October  31 

A  surface  dye  dump  of  one  barrel  was  made  in  area  B  on  this 
date  in  addition  to  the  four-barrel  experiment  already  described.  The 
resulting  dye  patch  was  followed  for  twenty-five  hours,  during  which 
time  it  moved  Iu7  miles  northward.  The  shape  of  this  patch  was  ellipti¬ 
cal  in  the  early  period  with  finger-like  projections  aligned  with  the  swell 
pattern.  Later  under  increasing  westerly  winds,  the  shape  elongated  in  a 
north-south  direction. 

SUMMARY  OF  DYE  MOVEMENT  s 

Judging  from  the  advection  data  obtained  from  these  seven 


experiments  in  the  late  summer  and  autumn,  the  water  movement  in  area  A 
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appears  to  coincide  with  the  tidal  current  indicated  for  nearby  Ambrose 
Lightship,  In  area  B  in  September  the  dye  movement  corresponded  to  a 
current  of  .2  knots  in  a  south-southeast  direction.  In  mid  and  late 
October  the  dye  movement  was  to  the  north,  indicating  a  current  in  that 
direction  of  about  *2  knots  velocity.  These  findings  are  in  agreement 
with  the  study  of  Powers  &  Ayers  indicating  the  circulation  in  this  area 
in  summer  and  fall  is  dominated  by  weak  counterclockwise  eddies  close  to 
the  New  Jersey  shore,  which  carry  southward  the  low  salinity  effluent  of 
the  Hudson-Raritan  estuaries  close  to  shore.  Outside  this  coastal  band 
about  ten  miles  off  shore  in  more  saline  water,  there  is  a  northward 
moving  current.  Superimposed  on  this  pattern  are  weak  tidal  currents 
whose  main  vectors  lie  on  a  northwest-southeast  axis,  the  excursion  of 
the  ebb  to  the  southeast  being  of  greatest  magnitude.  This  circulation 
pattern  is  rapidly  broken  up  in  the  presence  of  storms.  The  wave  and 
swell  pattern  may  be  very  complex  due  to  reflection  and  refraction  at 
the  shores  and  refraction  over  the  Hudson  submarine  Canyon. 

The  data  from  seven  surface  dye  experiments  in  the  New  York 
Bight  all  exhibit  certain  features  which  appear  to  be  common  during  the 
first  few  hours  of  surface  dye  introductions  in  the  presence  of  steady, 
moderate  winds  and  the  absence  of  strong  currents  and  high  seas.  These 
characteristics  can  be  listed  as  follows: 

1,  The  patch  will  initially  take  on  a  striated  pattern  which  is  aligned 
with  the  swell  waves.  Figures  i|  and  8  show  this  pattern,  which  has 
the  general  appearance  of  altocumulus  clouds. 
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The  trailing  portion  of  the  patch  which  most  strongly  exhibits  the 
striated  pattern  lies  at  a  level  below  the  surface.  This  indicates 
a  downward  mixing  by  the  surface  waves,  resulting  in  an  alignment 
parallel  to  the  swell.  Figure  9  illustrates  this  feature,  where  the 
ship,  whose  draft  is  nine  feet,  is  stirring  up  dye  from  a  subsurface 
depth  (less  than  nine  feet),  leaving  a  prominent  streak  of  dye  in  its 

wake  at  the  surface#  On  the  far  right  in  this  photograph,  the  ship!s 

wake  reveals  that  it  has  crossed  the  main  dye  patch  which  extends  to 
the  surface  and  stirred  dye  from  the  surface  outward  and  downward# 

3#  Where  moderate  winds  prevail,  the  dye  patch  takes  on  a  distinct 
curvature  as  though  the  leading  portion  were  turning  to  the  left. 

Where  dye  introductions  have  been  made  at  a  depth  of  fifteen 
feet,  the  early  pattern  retained  an  elliptical  shape,  developing  finger¬ 
like  projections  parallel  to  the  crests  and  troughs  of  the  swell. 

Table  1  summarizes  the  data  which  apply  to  all  of  these 

experiments# 

COMPARISON  OF  OBSERVATIONS  WITH  THEORY: 

In  recent  years  several  theoretical  models  for  turbulent  dif¬ 
fusion  in  the  sea  have  been  put  forward#  Those  of  Joseph  and  Sendner, 
Ozmidov,  Okubo,  Okubo  and  Pritchard,  Obukov,  and  Schdnfeld  are  reviewed 
in  a  recently  published  work  by  Okubo  (1962)#  In  another  paper  the 
Joseph  and  Sendner  and  the  earlier  Taylor  theories  are  compared  with 
data  by  Ichiye  (19 £9).  We  shall  not  set  down  the  various  equations  here, 
but  shall  only  compare  our  data,  where  possible,  with  some  of  the  predic- 
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tions  of  these  theories. 


For  instantaneous  point-source  experiments,  the  Joseph  and 
Sendner,  the  Okubo-Pr it chard,  and  the  Schtinfeld  theories  predict  that 
the  maximum  concentration,  C^,  will  be  proportional  to  the  minus  2 
power  of  the  time;  whereas  the  Ozmidov,  Okubo,  and  Obukov  theories  pre¬ 
dict  that  it  will  be  proportional  to  the  minus  3  power.  Since  nothing 
is  known  about  the  form  of  the  Lagrangian  correlation  coefficient  in  the 
oceans,  the  Taylor  theory  is  forced  to  consider  two  extreme  cases: 

a)  T  »  L,  which  predicts  Cmax  ^  T“^ 

b)  T  «  L,  which  predicts  C„_„  cr'  T“^ 

IllcLA. 

where  L  is  the  Lagrangian  time  scale  of  the  turbulence  and  T  is  the 
time  after  release  of  the  dye. 

Figure  llj  shows  the  maximum  concentration,  Cmax,  plotted 
against  time  for  several  experiments  along  with  reference  curves  for 
^max~^-~^,  and  Cmax—  The  data  ar© summarized  in 

Table  II.  As  can  be  seen,  most  of  our  experiments  fit,  very  nearly, 

Cmax  — T“^*^  with  the  exception  of  data  from  the  October  16  and  17 
experiments.  Although  this  data  favor?  neither  the  theories  that  pre¬ 
dict  T“2  nor  those  that  predict  Cmax  —  T*"3?  it  does  seem  to  rule 

out  the  Taylor  long-time  approximation  in  favor  of  the  short-time  appro¬ 
ximation,  although  this  requires  a  rather  large  value  for  L.  Ichiye 
(19^9)  was  led  to  a  similar  conclusion  from  his  analysis  of  data  taken 
in  Santa  Monica  Bay  in  experiments  of  much  smaller  scale  than  ours.  A 
difficulty  encountered  in  handling  this  data  is  that  one  can  never  be 
certain  that  the  maxim-urn  concentration  has  in  fact  been  observed  in  a 
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given  set  of  crossings. 


The  contours  reveal,  in  addition  to  the  complete  absence  of 
radial  symmetry,  that  the  mass  center  and  the  point  of  highest  concen¬ 
tration  may  be  quite  different.  However,  if  an  infinite  number  of  ex¬ 
periments  were  performed  in  the  same  area,  under  the  same  conditions, 
and  superimposed  in  such  a  way  that  their  points  of  highest  concentration 
were  coincident,  the  expectation  is  that  for  the  superimposed  distribution 
these  two  points  would  be  the  same  and  that  the  contours  of  constant  con¬ 
centration  would  be  concentric  circles  about  this  point.  This  expectation 
is  based  upon  the  assumption  that  those  eddies  which  are  responsible  for 
the  relative  distributions  are  homogeneous,  stationary,  and  isotropic. 

This  is  the  situation  which  the  several  solutions  treat.  Since  these  are 
surface  dumps  and  appear  to  be  influenced  by  the  wind  and  swell  to  vsgying 
degrees,  this  is  not  strictly  true,  and  indeed  it  probably  is  not  true  in 
nature  in  any  case.  Furthermore,  our  data  are obtained  from  single  experi¬ 
ments,  not  an  infinite  number  of  superimposed  experiments.  Nevertheless, 
to  enable  some  comparison  with  the  proposed  solutions,  we  assume  that  for 
each  experiment  we  can  use,  in  place  of  the  radii  of  concentric  circles, 
equivalent  radii,  ir  =  \/ where  is  the  area  enclosed  by  the  i^1 
contour. 


Figures  1$  and  16  show  log  C  vs.  equivalent  radius  for  the  two 
experiments  which  yielded  sufficient  data.  Even  with  the  fairly  large 
uncertainties  in  Fr  (estimated  at  about  10$  for  the  October  17th  ex¬ 
periment  and  8 %  for  the  October  31st  experiment),  most  of  our  data  do' 
not  fit  a  linear  relationship  as  predicted  by  the  Joseph  and  Sendner 
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theory.  The  curves  are  drawn  not  smooth  so  as  to  illustrate  this  and 

to  enable  easier  comparison  with  Figures  17  and  18,  which  are  plots  of 

log  C  ts,  r  for  the  same  data  (Tables  III  &  IV).  As  can  readily  be 

—  2. 

seen,  a  linear  relationship  between  log  C  and  r-  fits  our  data  quite 
well.  This  would  correspond  to  the  predictions  of  the  Okubo -Pritchard 
theory,  the  Obukov  theory,  and  also  the  older  Taylor  theory. 

The  fluorometers  measure  the  concentration,  C,  in  terms  of 
the  amount  of  dye  per  unit  volume  of  the  sampled  water.  The  respective 
solutions  discuss  the  amount  of  dye,  S,  per  unit  area  of  dye  patch. 
Since  extensive  vertical  measurements  were  not  made,  it  was  necessary 
to  estimate  the  depth  of  the  dye.  In  most  cases  this  was  done  from 
knowledge  of  the  amount  of  dye  inserted,  the  areas  betx>reen  the  closed 
contour  lines,  and  by  assuming  that  the  concentration  at  any  point  was 
nearly  uniform  from  the  surface  to  the  bottom  of  the  dye  cloud.  The 
verticals  that  were  taken  reveal  that  this  is  only  a  fair  approximation. 
Multiplying  Cjj^  by  this  depth,  d,  gives  Smx,  the  amount  of  dye  per 
unit  area  at  the  high  concentration  "center",  and  enables  calculation 
of  the  characteristic  parameters  of  the  various  solutions  from  the 
Smax  vs*  "k  curves*  For  P,  the  "diffusion  velocity"  of  the  Joseph  and 
Sendner  solution,  the  data  from  five  of  our  experiments  yield  a  mean 
value  of  0.9  cm/sec  with  an  average  deviation  of  0.16  cm/sec  or  about 
17$.  For  non-oceanic  experiments  in  the  vicinity  of  Chesapeake  Bay, 
Pritchard  and  Carpenter  (i960)  found  0.32  cm/sec  in  the  Holland  Straits, 
0.2  cm/sec  in  the  Conowingo  Reservoir,  0.5  cra/sec  in  an  unspecified 
location,  while  Joseph  and  Sendner  (1958)  have  found  between  0.8  and 


V  ’  ■  5  r 

.  • 

• '  •  '  : 

•  • 


f,  1 

' 

•• 

‘1  -  ' 

. 

.  V 


. 

• 

• 

• 

* 

-•  v 

■ 


Equiv.  Radius  Squared  r*  feet 


TABLES  in 

(table  to  Figures  l£  and  17) 


P} 
A-  CO 
CJ  • 
f^oo  VO 


.PJ 
H  On 
A-  • 
pa  a- pa 


i— I 

<o 

On 

H 


•P 

O 

O 

o 

*s 

a) 


& 

& 

w 


H  P} 

On  o 
(vn  On 

CM  t— i'  H 

O  O 

H  ® 

A-  C —  PA 

O  NO 

o  • 

,  PA  CM 

H  H  CM 

o  a- 

A-  « 

H  CO 

CM  H  H 

O  NO 

1A  ® 

OO 

P}  CM 
"LA  ® 

On  nO  p} 

O  CO 

40  • 

CM  PA 

CM  H  H 

,  A- 
H  PA  On 
,-©  O  • 
tO  A-Pt 

r—  ro 

H  © 

O  O 

P}  iH  r-1 

O  A— 

A-  • 

H  CA 

NO  H  r-f 

oo 

Pf  H 

H  no  o 

H  PA  CA 

•La 

CM  CM 

40  0 

CM  On  On 

Op} 

CM  o 

o  o 
ca  H  H 

H 

CA  ON  O 

•  Pf  ♦ 

O  PA  CA 

H 

H  • 

vO  On  CO 

On 

CM  NO 

CA  • 

CO  On  CO 

"LA 

PA  CA 
<A  CO  ® 

|—i  Pf  CM 

On 

NO  On 

CA  £)nO 

NO 

.  40  NO 

H  * 

PACO  NO 

A- 

PA  A- PA 
c  O  # 
OLACM 

H 

CO  a- 
a-  • 

CO  CO  c— 

-  'Q 

TLA  r~ 1 

O  CO  * 

H  C" —  NO 

CM 

CO  On 
"LA  CA  0 

H  Pf  H 

On 

H  Pf 

Pf  o 

P}  C —  PA 

A- 
40  NO 

o  * 

A- NO  CA 

"LA 

O  CA  O 
opA  * 
H  p}  CM 

_  On 

P}  On 

O  t —  • 

H  a- pa 

CM 

rir. 

H  NO  P} 

NO 

PAPA 

On  On  0 
r-1  CA  r-1 

PA 

Pf  H 

Pf  o 

IN-vOPf 

O  PA 

CM  • 

H  CM 
.  CA  H  H 

H 

CO  H 

PA  « 

CO  PA  (A 

IN¬ 
CA  NO  PA 
ft  On  a 
H  CA  H 

CO 

P}  CM 

Cm  pa  ® 
H40  Pt 

o 

A-  H 
(A  TLA  e 

H  PA  CA 

9 

1 A  CO 

H  OO  © 

CM  CM  O 

HI 

On  On 

CA  * 

OO  PA  Cm 

CA 

ON  IN¬ 
I'-  • 

40  CO  A- 

PA 

PAP} 

On  • 
Onp}-  CM 

On 

A- PA  H 
•  Pf  • 

H  ca  H 

■LA 
-ST  no 

40  O  d 
HvO  CA 

CO 

Pf  CO 
"LA  CA  * 
Hxj  H 

CA 

On 

CM  p}- 
CM  CM  * 

Cm  CM  O 

PA 

HpJ 

CO  • 

On  CA  H 

O 
c —  o 

o  ♦ 

On  A- PA 

ON 

_  On  Pa 

O  On  • 

H  CA  H 

O 
.  On 
On  H  C — 

ft  CO  • 

H  CM  O 

18 

330 

1*09 

.H 

P} 

O  P} 

NO  H  • 

H  CM  O 

CM 

CA 

PAH 

pf  H  • 

CM  H  O 

CM 

NO 

A-  PA 

O  CA  * 

H  CM  O 

H 

On  H 

CM  PA  • 
rlPJCM 

PA 

On 

Cm  [ — 

H  CO  » 

H  CM  o 

CO 

o 

<A  CM  P} 
O  O  * 
CM  CM  O 

CO 

•LA 

CA  CO 

On  On  • 

CM  CM  O 

O 

•LA 

CO  CM 

On  PA  * 

H  t— i  O 

NO 

3 

o 

NO  CO  ® 

CM  NO  o 

Cm 

CM 

On  cm 

R3o* 

O 

CO 

Onp} 

PA  H  * 

H  CM  O 

H 

PA  CM 
PAP+  • 

H  Pi  O 

A- PA  H 

•  o  • 

CM  H  O 

CM 

s 

'-^"-'CM 

to  ^  ^ 


CM 

£ 

'S'-Pfe 

as'a 

'—•v_xC\) 

CO  fH  k 


CM 

.O 

P''  NO 

,Q  ^  O 

pH  4-N  H 

4-1  M 

to  p 


CM 

£ 

NO 

r-v  o 

iSfl 

<M 

to  p  p 


CM 

p 

Pi 

NO^ 

,q  -  o 
Ph  -p  H 
Ph4-1  M 

n_^v_<M 


CM 

•P 

4h 

^-n  NO 

,D  ^  O 

N-^'— <M 
CO  P  p 


CM 

£ 
nO^ 
rP  ^  O 

&£J 

CO  p  P 


o 

o 

CD 

CD 

to 

CO 

•  Q 

O 

o 

o 

A- 

o 

•V 

H  A- 

II 

11 

1! 

« 

-P 

-p 

o 

o 

o 

o 

<d 

CD 

(D 

<D 

CO 

—  CO 

CO 

& 

o  o 

PA  O 

o 

O 

4-1  o 

H  O 

o 

O 

CO  C  A 

A- 

NO 

CM 

H  N 

Pl  »» 

ji 

>  •% 

H  CA 

PIP} 

,  NO 

Pi  H 

H  H 

H  H 

>  CM 

It 

n 

n 

•P 

-P 

-p 

•p 

o 

<D 

8 

o 

p} 

•V 

H  vO 

>  CO 

I! 

+3 


* 


TABLE  TV 

(table  to  Figures  16  and  18) 


CM 

CM  CM 
niAO 
•  -J-  a 
O  CM  nO 


O 
<0  rH 
£r  co 

O  6 

CM  CM  -4f 


CM 
nO  -if 
to 

NO  « 

-if  rH  CM 


O 

cj  oia 
co  co  po 
®  to  « 
c  CM  MD 


to 

CM  CO  O 
COi-J  ® 
®  CM  00 
04H 


CN 
SO  CO 
loco 

CO  * 

sO  i  1  i — 1 


CM 

CM  _rt  O 
CO  rH  0\ 
o  CM  » 
O  CM  _4 


-if  O 
P'1  o 

O-  » 

CM  H  CO 


O  I>- 

On  C —  • 

•to  CM 
O  CO  H 


CM 
CM  On 
On  rH 
O  O  « 
H  H  H 


CM 


CO 
vO  -4 
CO  CO 

sO  • 
H  CM 


On 

co  co 

CM  O 

-ifpf  CM 


CM  PO-=f 


*>  P-  o 
H  CM  C — 


O 

CM  Q  lO 
POtO  ® 
•  ON_4f 
O  -4f  CM 


rH 

NO 

ON 

co 

CO 

O 

CM 

rH 

NO 

CM  rH 

-if  On 

to  "rH  ON 

CO  CM 

O  to 

O-  NO 

0 

ON  CO  rH 

*\ 

-Hf  tO  • 
rH  C —  O 

.  CM  • 

0  ® 

©  CM  e 

*  co  to 

rH 

iif  rH  rH 

NO  rH  H 

rH  CM  —4 

O  CO  rH 

Oct*  3 

O- 


-=r3 

CO  co  • 
H  CO  O 


CM 
CN 
NO  On 
On  y 
NO  On  O 


lO 


CO  to 
CO  • 
On  O-  O 


_  CO 
O  CM 

co  to  r- 

<i?  nO  <* 

H  H  cm 


_  CM 
O  rH 
CM  H  co 

•  nO  • 

rH  CM  NO 


-if 
O 
.  Hf 
rH  O 

CM  O  o 

CM  CM  O 


CO 

MD 

-if -4 
CO  9 
On  NO  O 


CO 

co 

CO  CM 
O  CO  ® 
O 


On 

,  H 
H  O  CM 
•  rH  e 
Cvl  H  H 


to 

O- 

lO  to  rH 

0  i — i  • 

H-dO 


CM 

•P 

<+H 


NO 


CO  ^  ^ 


CO  ^  ^ 


CM 

fi 


NO 

,0^0 
ft  4^  H 
ftcn  N 

' - --_<M 

CO  k  Jh 


,0^0 

to 


CM 

•J.3 


^-n  NO 
^  O 
ft-P  H 
ft'H  H 

n—'wcm 

CO  f*  f-1 


O 

0 

O 

0 

O 

<D 

0 

CD 

0 

<D 

CO 

CO 

CO 

CO 

CO 

0 

0 

0 

0 

O 

O 

8 

O 

O 

co 

CO 

,  ,  to 

O 

CO 

»\ 

»  ON 

KH  «n 

»  «N 

CO 

H  H 

H-4 

rH 

CO 

H-if 

M  —if 

p  On 

It 

st 

& 

1! 

43 

4^> 

4^ 

43 

43 

■ 

•  *  . 

.  * 

.  * 

• . 

• 

-18- 


1.5>  cm/sec  for  open  ocean  phenomena. 

From  the  slopes  of  the  curves  in  Figures  17  and  18  we  can  cal- 

hr-2. 

culate  x  V  ,  the  turbulent  velocity  of  the  Taylor  theory.  For  this 
the  October  17  experiment  gives  a  mean  of  1,3  cm/sec,  and  the 
October  31-B  experiment  gives  0,88  cm/sec.  In  both  cases  the  average 
deviation  is  almost  however,  in  both  cases  the  data  suggest  that 

J XT'2  may  have  varied  systematically  with  time.  It  remains  to  be  seen 
if  further  experiments  bear  this  out  and,  if  so,  what  significance  can 
be  attached  thereto,  Ichiye,  in  analyzing  data  taken  in  Santa  Monica 
Bay,  was  led  to  values  of  0.6  and  0.7  cm/sec  for  /  t/-2'  • 

In  the  time  since  these  experiments  were  performed,  our  tech¬ 
niques  have  been  improved,  and  the  newer,  more  reliable  data  now  being 
processed  should  permit  a  more  extensive  analysis.  Therefore,  the 
results  of  this  study  should  be  considered  to  be  of  a  preliminary  nature. 
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